The scanning electron microscope (SEM) and transmission electron microscope (TEM) measurements of individual single-walled single carbon nanotube (SWNT) have revealed the nature of trigonal warping of SWNTs in the solid-state. The SWNTs are prepared as isolated SWNTs both oxidized followed by amidation in N,N-dimethylformaide (DMF) and in amine surfactant in tetrahydrofuran(THF). The possibility of debundling SWNTs through their interaction with the amide functional group and amine molecules using steric hindrance has been experimentally explored. The measured topological structures of SWNTs in the solid-state differ from simple theoretical predictions and some possible mechanisms of bundling and debundling of SWNTs are discussed. We show that solid-state based characteristics are different from the solution-based characteristics.
Introduction
The usage of carbon nanotubes (CNTs) is one of the ultimate limits of minitualization of devices, where the silicon based-devices have reached to the limit of mitualization.
1) The individual CNTs could be used as a unit of device or the electron path as the element of devices. 2, 3) Nevertheless, CNTs are bundled and also entangled as they are, when they are synthesized from raw materials. Many of the major challenges currently facing basic and applied research on CNTs arise from the bundled state formed through any preparative method. [4] [5] [6] Among many families of carbon structures the peapods (Single Wall Carbon Nanotubes (SWNTs) encapsulating fullerenes) are currently of great interest as a new form of SWNT-based materials. 7) The electronic characteristic of the CNTs is important as the elements for the electronic devices. The special image originated by electrostatic potential of CNTs has been made at the molecular resolutions using an electron projection microscope (EPM) in ultra high vacuum (UHV). 8) The EPM is a quite useful equipment imaging the electronic characteristics of any small object without supported on a substrate. 9) The electronic structure of peapods depends locally along the axis of SWNTs, since the existence of fullerenes inside the SWNTs modulates the electronic state of the SWNTs. Then it is required to get individual SWNT for visualizing the individual fullerene based electronic state which could be disturbed by the neighboring SWNTs in the solid-state.
The electronic structures of CNTs have been well investigated in the solution-phase using the optical absorption and emission techniques and the interactions between the neighboring CNTs are expected to be caused by van der Waals force. It is expected, then, the interaction between the neighboring CNTs is not as strong as chemical bonds.
10) The actual interaction strength turns so week as expected from theories. The bundled structure becomes easily debundled or individually separated structures in the solution-phase with the aid of surfactants. 11) One debundling method of raw material is based on oxidation in acidic media. Under these conditions, ends are opened. At the defect sites, especially at the level of dangling bonds, acidic functionalities suitable for further derivation are formed. Amidation reaction to oxidized CNTs has been reported, resulting in soluble functionalized materials. [12] [13] [14] [15] [16] [17] [18] [19] [20] Carboxylic groups present on the surface of the CNT (CNT-COOH) react with amines and turns to amide groups (CNT-CONHR).
Another debundling method of raw material is based on dispersion in the organic solvents. 10, [21] [22] [23] Only giving sonication cannot debundle the bundled CNT structures when the CNTs are tried to be dispersed into the pure tetrahydrofuran (THF). The possible reason for this aggregation is that the debundled CNTs return easily bundled structures, since the possibility to meet other CNTs each other in the pure THF is large.
One of the interesting methods to keep the debundled structure is using a steric hindrance by incorporating various molecules into the neighboring CNTs. In particular, in amine-CNT system, the adsorption energy of amines with CNTs becomes positive so that it is expected that the amine molecules adsorb on the surface of CNTs. 24) It means that the amine physisorbed on a nanotube does not allow another nanotube to come closer to the first nanotube. So, as they expect, the amine interferes with neighboring CNTs. Here the possibility of debundling CNTs through their interaction with amide functional group and amine molecules using a steric hindrance has been experimentally explored. The structures of the SWNTs were investigated using scanning electron microscope (SEM) and high resolution transmission electron microscope (HRTEM) and we show that the solid-state phase characteristics are different from the solution-phase characteristics.
Nanotube-Bound Carboxylic Acids and Amidation
Sun et al. show that carbon naotubes can be functionalized via amidation of the nanotube-bound carboxylic acids.
18) The nanotube-bound carboxylic acids come from intrinsic or induced defects. We applied this method to two kinds of SWNTs; the first is SWNTs encapsulating C 60 fullerenes and the second is SWNTs encapsulating La@C 82 fullerenes. 25) Then the amidized sample was dispersed into N,N-dimethylformaide (DMF) by ultrasonication. A droplet of SWNTs in DMF was applied on a holey carbon grid after a few days of sonication and the solvent was evaporated naturally. JEOL JEM-2000EX with acceleration voltage of 100 kV was used for TEM imaging throughout all the observations here.
The structure of the peapods (SWNTs encapsulating C 60 fullerenes) is shown in Fig. 1(a) and a magnified image in Fig. 1(b) . Most part of SWNTs is imaged with defects, since the sample experienced oxidation in the preparation process. Although a bundle consisting of the small number of SWNTs at the center of the image ( Fig. 1(a) ) is recognized, a large amount of the amorphous carbons is also observed at the bottom left in the image. These amorphous carbons might be generated during the oxidation process by the degradation of the side walls of SWNTs. 20) A few SWNTs in the image are terminated in the middle and the amorphous carbons might be a residue of such kind of destructed walls of the SWNTs, although the image is taken locally whereas the chemical treatment was performed in the global volume. The closer look up shows the same tendency in Fig. 1(b) . The amorphous carbon is known to be chemically very active 5) so that the bundles might be interconnected due to the existence of these amorphous carbons.
The structure of the second peapods (SWNTs encapsulating La@C 82 fullerenes) is shown in Fig. 2(a) in the same way. Most part of the bundles surfaces is covered with the amorphous carbons and the carbon sheet fragments. One single SWNT is observed at the center of the image which does not show almost any defect nor the carbon sheet fragments. Furutado et al. compared the wall dame using two techniques; the Raman spectroscopy and TEM and concluded that the TEM technique is less sensible to wall damages than the Raman spectroscopy. 20) We cannot state that the extent of damages on the walls by checking these images according to their clam. Fig. 2(b) shows a quite large magnified image of the SWNTs where La@C 82 fullerenes are clearly observed inside the SWNTs. One more important feature in this image is that the separation between neighboring SWNTs is clearly imaged at the bottom of the figure. As discussed earlier on the lower magnification image, most part of the bundle of SWNTs is covered with the amorphous carbons. Nevertheless, the detailed feature of the separation between two neighboring SWNTs is observed suggesting further possibilities to analyze the intermediate molecules between SWNTs and the mechanism of bundling.
These HRTEM observations results that the bundles of SWNTs are bound each other by the amorphous carbons towards the global structures of SWNTs. It is pointed out that the amorphous carbon is quite chemically active so that it may act as a binder of SWNTs. 5) Further investigation is required to clarify also if the amorphous carbons or carbon clusters bind the individual single SWNT between them forming a bundle.
There have been many reports on debundled structures (a) (b) Fig. 3 (a) TEM image of a bundle of SWNTs encapsulating La@C 82 fullerenes subjected to oxidation and amidation followed by ultrasonic debundling in DMF. Most of the bundles of SWNTs exist on or near the carbon holey grid through which bundles are observed. Bundles of the SWNTs exist by following the edges of the grid (black arrows). Large bundles (encircled by black lines) tend to follow the curvature of the grid bar edges. (b) A lower magnified TEM image of a bundle of SWNTs encapsulating La@C 82 fullerenes subjected to oxidation and amidation followed by ultrasonic debundling in DMF. The bundles appear to be nesting in the global scale. Some bundles exist along the edge of the carbon grid bars (black arrows) and the edges of the bundle networks (encircled by black lines) follow the curvature of the grid bar edges suggesting that each bundle network might be attracted to the edges of the carbon grid bars during the solvent evaporation.
The Topological Structures of the Debundled Single-Walled Carbon Nanotubes on a Grid 713 using the HRTEM images of the local structures of the SWNTs. The debundled structures should be obtained not locally but globally from the viewpoint of applications, since an extension of SWNTs is required to the macroscopic electrodes separated by the order of micron meter in the electric conductance measurements.
26)
The structures of the peapods (SWNTs encapsulating La@C 82 fullerenes) on a holey grid are shown in Fig. 3(a) and Fig. 3(b) , for investigating the global structure of SWNTs. There are many measurements using Atomic Force Microscope (AFM) of the area of over micron meters.
21) The outstanding features of SWNTs measured using AFM are not winding nor entangled on a substrate. They are quite different structures compared with trigonal warping structures on a holey grid observed by TEM. The substrates used for measurements are a flat substrate without holes for the AFM measurements whiles a holey grid for the TEM measurements. Suppose SWNTs are uniformly dispersed in a solvent and droplets of dispersion solution applied on each substrates evaporate. It is quite natural to make a hypothesis that the SWNTs move closer to the each substrates surfaces from the solvent volume during the solvent evaporation due to decrease of the solvent. The SWNTs reach finally to the substrates surfaces and interact with the substrates surfaces. The SWNTs' adhesion to the surfaces from the dispersion solution is the transition process from the solution phase to the solid-state phase, where the SWNTs interaction counter parts change from the solvent molecules to the solid-state surfaces. This phase transition has ended by completing the solvent evaporation. Any SWNTs dispersed in a solvent applied to a flat substrate locate above the surface and the cohesion may be formed between the SWNTs and the surface during the solvent evaporation. Whereas when a droplet of the SWNTs in a solvent is applied onto a holey grid, some SWNTs may reach to the surface of the grid bars whilst some SWNTs are still suspended in a solvent where any grid bar surface does not exist underneath. Then the cohesion for the SWNTs in the solvent being over the holey parts can be realized only by attaching to the neighboring SWNTs. This scenario is justified by the careful investigation of Fig. 3(a) and (b). Most of SWNTs is observed only on the carbon grid bars although some exist in the holey parts. The most outstanding feature in the image (Fig. 3(a) ) is that the SWNTs follow the edges of the holes. Many bundles of SWNTs are observed along the edges of the holes at the bottom of the image suggesting that the solvent was sucked to the edges of the holes for releasing the cohesive energy and SWNTs over the hole were dragged to the edges. Another feature is observed at the top-right corner in the image where a number of bundles follows along the shape of the hole edge even if the bundle is apart from the edge of the hole being inter-connected by some other bundles to the edges of the holes. This is the consequence of the above scenario that the solvent was sucked to the edge of the hole and the bundles of SWNTs were dragged accordingly. But as observed in the image, the factors to decide the structures of the bundles of SWNTs are not only the shape of holes but the interconnection of SWNTs. It is natural to consider that the bundles of SWNTs were dragged closer to the edge of the hole but the dragging process was terminated before they reached to the edges due to this macroscopic tube-oriented steric hindrance, namely the existence of other SWNTs between the bundle of SWNTs and the edges.
Many bundles of SWNTs are observed in the hole areas in Fig. 3(b) which shows wider view than Fig. 3(a) . Still the characteristic feature is the same as that in the image of Fig 3(a) , namely some bundles of SWNTs follow the shape of the holes. Also, the same mechanism which is observed in Fig. 3(a) may work here also at the larger area; Most of the bundles of SWNTs seem to follow the shape of the edges of holes, although they are away from the edges due to the existence of interconnecting other bundles of SWNTs in between. Nevertheless it is easily recognized that the topological shape of the bundles of SWNTs resembles to that of edges of holes each other suggesting that the bundles tried to move closer to the edges dragged by the cohesion to the edges during the solvent evaporation process. Additional feature observed in Fig. 3(b) is the film-like structures between the bundles of SWNTs. Note that this sample experienced only sonication without adding amines in DMF which is discussed in the next section. Then the possible cause of these films-like structure is the amorphous carbons or carbon sheets fragments which may be generated during the oxidation and amidation processes.
Dispersion Method
Furtado et al. showed that the correlation between defects on the walls and the characteristics confirmed using the Raman spectroscopy and TEM. 20) They showed that the oxidation of SWNTs induces damages on the walls using the Raman spectroscopy and also showed that the Raman scattering indicates no evidence for the wall damage via ultrasonic dispersion in the amides.
Choi et al. have reported, by observing microscopic images, that amines untangle SWNTs in nonaqueous solution. 21) Getting damage free individual SWNTs is our paramount motivation as discussed at the introduction section so that the method to suspend in amine surfactant solution was investigated. In the amidation reaction, Maeda et al. have found that the dispersibility of SWNTs depends on the species of amines. 23) Here two types of SWNTs were used for the dispersion experiments with various amines.
Metro-SWNTs
1 mg of the peapod (SWNTs encapsulating C 60 fullerenes) 25) was added to 10 mL of a 0.01 kmol/L solution of octylamine in THF and then solicited for 30 min at 0 C followed by 14000 g centrifugation of the suspension to remove nondispersible SWNTs. A droplet of SWNTs in an octylamine/THF solution was applied onto a Cu grid and the solvent was evaporated naturally. A Cu grid was used for eliminating the dissolution of the grid itself by THF.
The structure of the SWNTs shows a film-like shape along and in the grid holes (Fig. 4(a) ). These film-like structures are the outstandingly different features compared with that of the oxidized and amidized SWNTs shown in the previous section. The film structures are precicipitated all over the grid beyond the view shown in Fig. 4(a) rather than the homogeneous distribution and also some holes are com- 714 H. Nejo, Y. Maeda and T. Akasaka pletely covered by the film and some have less file area. Another feature observed in Fig. 4(a) is that the each films exist at the corners of each holes suggesting that the solution started to evaporate at the center of holes, the nonvolatile fractions remained and then the holes in the films expanded towards the edges of each grid bars. It should be noted that this sample has not experienced oxidation so that the amorphous carbons or carbon sheet fragments are expected much less than in the sample being oxidized. The fact that these film structures are not observed in the images of the oxidized SWNTs suggests that these films consist of mainly octylamine added to THF. Although some film-like structures from oxidized sample were observed in Fig. 3(b) , they are not comparable with these films made by this protocol. Furthermore, these film structures are more frequently observed from the same sample which has been kept for months than the freshly prepared samples, suggesting that the film consists of the oxidized amine during storage as will be discussed below. The solution sample was kept in a vial with air inside.
A magnified edge of the film shows number of bundles of SWNTs (Fig. 4(b) ). Only a few bundles of SWNTs protruded from the film structure is observed, whilst most part in the image is covered by the film structure. The thickness of this film is estimated to be quite thick, since it is not almost transparent even for the electron acceleration energy of 100 keV. The bundles of SWNTs at the edge of the film suggest that the remaining SWNTs are imbedded in this film and only some bundles eliminating embedment is observed at this film cleavage area. The SWNTs observed in the film opening could be generated as residue while the solvent evaporated and the nonvolatile fractions remained at the surrounding films as discussed concerning on the Fig. 4(a) .
HiPco SWNTs
To provide insight into the origin of the film-structure observed by TEM, we have tested a series of amines with different constituents. The dispersion efficiency was confirmed by measuring the optical absorption intensity immediately after the dispersion of SWNTs 27) to the solutions. A typical dispersion protocol is as follows; 1 mg of SWNTs was added 10 ml of a 1 kmol/L solution of propylamine in THF and then sonicated for 2 h at 10 C followed by 12 h. centrifugation of 45620 g for the suspension to remove nondispersible SWNTs. A droplet of the sample was applied onto a Ni grid and the solvent evaporated. The Hitachi S5500 with the acceleration voltage of 30 kV was used to get SEM images.
The visible-near-infrared (vis-NIR) spectrum of a dark transparent supernanant solution shows the characteristic absorption bands of SWNTs, as shown in Fig. 5 . Clear absorption peaks indicate that SWNTs exist as individual SWNTs in the solution. It is noteworthy that the clear peaks suggest the SWNTs walls being free from damages compared with the oxidized SWNTs. 14) This result shows the advantage of non-oxidized and dispersed method eliminating the wall damages.
The same sample prepared exactly the same protocol was observed using AFM indicating SWNTs rather straight and not winding nor entangled. 23) Whilst the scanning transmission mode SEM image (Fig. 6) shows the film structures over the holes of a grid. This is the large difference with the AFM observation. As similarly observed in TEM images (Fig. 4(a), (b) ), the SWNTs structures are observed in the film structures.
The usage of propylamine/THF solution is more favorable than octylamine/THF solution by comparing the images (Fig. 4(a), (b) and Fig. 6 ). The existence of bundle of SWNTs in the film is observed through the film in Fig. 6 The Topological Structures of the Debundled Single-Walled Carbon Nanotubes on a Grid 715 using the acceleration voltage of 30 kV. This fact may indicate that the film thickness of the propylamine/THF solution is thinner than that of octylamine/THF solution by considering the existence of amorphous carbons in the octylamine/THF solution, in addition to the larger molecular weights of 129.24 of octylamine than that of 59.11 of propylamine. Further, the amine molecules may interact with the amorphous carbons by considering the evaporation ease of amines by the higher melting point of À5 C of octylamine than that of À83 C of propylamine. The film thickness made of triethylamine/THF solution seems to be thinner than that of for propylamine/THF solution by considering the melting point À115
C of triethylamine as additional observations made so far.
Concerning on the solution-phase, the absorption spectrum of the sample comes from the three components where the nanotubes were not separated from the amine/THF soup. Perepichka et al. investigated carefully the dissolution of CNTs in aniline and compared with the previous reports. They concluded that the absorption spectra of CNTs in aniline, in their particular system, shown by many researchers so far do not necessarily provide incontrovertible proof of the existence of SWNTs in the organic solvent 22) They have attributed to the main feature in the absorption spectra to the oxidative polymerization of aniline by keeping traces of features as a function of reaction time. In our case, the absorption spectrum (Fig. 5) was measured immediately after the sample preparation and then it may indicate the existence of the individual SWNTs in the solution. A few hours has elapsed to make solid-state sample on a grid and this time elapsing may cause degradation of amines in our case.
Discussions
Although the SWNTs are suffered from strong oxidation, the HRTEM images appeared to indicate the absence of large holes in the tube walls being caused by nitric acid refluxing. The Metro-nanotubes are known to be fewer defects due to an excellent laser ablation method compared with other naotubes made by other methods. Also, it is well known that the holes are initiated to become enlarged at the defects sites of the walls. One reason why holes are less recognized in our images of the Metro-nanotubes might stem from originally relatively defect free.
Concerning on dispersion, Maeda et al. have shown that octylamine among amines has the highest dispersion efficiency. 23) This result holds for the SWNTs in the solution. The question should be answered is then, which system is the best for keeping individual SWNTs in the solid-state among three; triethylamine, octylamine and propylamine so far we have investigated.
Analyzing a solution-phase, if octylamine molecule winds around a nanotube, then it still prevent this nanotube from bundling. But it may happen that NH 2 -group of octylamine molecule is physisorbed on one nanotube, while the long ''tail'' of octylamine winds around another nanotube. Then, indeed, octylamine would keep these two nanotubes together (although not very close to each other). However, this is only a hypothesis, and there may be some other reasons for the lack of debundling in our experiments.
We have tired sequences of getting individual SWNTs on a grid in addition to the natural solvent evaporation supposing that the SWNTs are dispersed in a solution. The basic strategy is to freeze the geometrical positions of each SWNTs in the solution as they exist during the solvent evaporation after the solution applied on a grid. We have performed two different protocols. The first is the freeze-dry method: A grid with a sample droplet of SWNTs in amine/THF solutions on it was put into a stainless steel container and this container was put into a liquid nitrogen bath before the solvent started to evaporate. The geometrical positions of each SWNTs are freezed in the solvent by freezing the dispersion solution. Then the container was evacuated up to 10 À7 Torr sublimating the solvent and kept this vacuum level for several hours. The sample was taken out from the container after the container's temperature retuned to the room temperature several hours after insertion to the liquid nitrogen sublimating all the solvent. It is expected that each individual single SWNTs are suspended in the vacuum without solution due to the stiffness of the SWNTs and the freezed movement of each other. The sample state was investigated using SEM and it turns out that the SWNTs are embedded into a film almost like that shown in Fig. 6 . The second method is using an air brush for the SWNTs dispersion in amine/THF solution applying on a grid. A Ni grid was heated up to 300 C on a hot plate. The SWNTs suspended solution was sprayed using an air brush by 0.67 MPa nitrogen gas. The solvent is expected to evaporate immediately after the sample reached to the grid, since the temperature of the grid is much higher than the boiling points of both THF and the amines. Then the individual single SWNTs are expected to remain on a grid as they are forced to stay at the initial positions on the grid before bundling due to lack of dragging media. The sample state was investigated using SEM and it was found that the SWNTs are embedded into a film almost like that shown in Fig. 6 . A new method to eliminate the film structures should be found.
